Lactic acid bacteria (LAB) mutants deficient in interspecies co-aggregation with yeast were spontaneously derived from Lactobacillus plantarum ML11-11, a significant mixed-species biofilm former in static cocultures with budding yeasts. These non-co-aggregative mutants also showed significant decreases in mixedspecies biofilm formation. These results suggest the important role of co-aggregation between LAB and yeast in mixed-species biofilm formation. Cell surface proteins obtained by 5 M LiCl extraction from the wildtype cells and non-co-aggregative mutant cells were analyzed by SDS-PAGE. There was an obvious difference in protein profiles. The protein band at 30 kDa was present abundantly in the wild-type cell surface fraction but was significantly decreased in the mutant cells. This band assuredly corresponded to the LAB surface factors that contribute to co-aggregation with yeasts.
Previously, we reported that Lactobacillus plantarum ML11-11 isolated from Fukuyama pot vinegar, and Saccharomyces cerevisiae showed significant mixedspecies biofilm formation based on direct cell-cell contact, 1) and also found that the mixed-species biofilm had a thick, bi-layer structure. Then it was reported that the strong co-aggregation ability of L. plantarum ML11-11 with S. cerevisiae cells contributes to mixed-species biofilm formation.
2) It was also found that protein on the L. plantarum ML11-11 cells and mannan on the S. cerevisiae cells contributed to co-aggregation.
2)
The coexistence and symbiosis of yeasts and LAB in traditional fermented foods is well known. [3] [4] [5] There have been several pioneering studies on co-aggregative interaction of yeasts and LAB. 6, 7) Momose et al. studied co-aggregation between S. cerevisiae including sake yeast and L. plantarum isolated from putrefied sake mash, and they found that electrostatic interaction between L. plantarum and S. cerevisiae cells brought about is co-aggregation. 6, 8) Katakura et al. recently reported co-aggregation between Lactococcus lactis and S. cerevisiae via DnaK protein on LAB and mannan on yeast. 9) There are other reports on the co-aggregation of LAB including Lactobacillus and yeasts including Saccharomyces. [10] [11] [12] [13] Pretzer et al. found that L. plantarum WCFS1 co-aggregates with yeast S. cerevisiae.
10)
Golowczyc et al. found co-aggregation between LAB L. kefir and yeast S. lipolytica. 12) We hypothesized that the formation of a biofilm, a microbial community on the solid-liquid interface, [14] [15] [16] [17] [18] is important in traditional fermentation processes that start from solid biomaterials. Furthermore, we deduced that co-aggregation between LAB and yeasts plays an essential role in formation of mixed-species biofilms. 2) However, the relationship between inter-species cell co-aggregation and mixed-species biofilm formation has not been elucidated precisely.
In the present study, we obtained non-co-aggregative LAB mutants derived from L. plantarum ML11-11 and investigated their properties, in order to elucidate precisely the role of inter-species cell co-aggregation in mixed-species biofilm formation between LAB and yeasts.
Materials and Methods
Microorganisms and culture conditions. L. plantarum ML11-11 was isolated from Fukuyama pot vinegar.
1) The yeast strain used in this study was Saccharomyces cerevisiae BY4741 (MATa leu2Á0 ura3Á0 his3-Á1 met15Á0). To prepare seed cultures, LAB was grown in MRS medium (Becton, Dickinson, Franklin Lakes, NJ) at 28 C for 24 h in static culture. The yeast was grown in YPD medium (YPD; Becton, Dickinson) at 28 C for 24 h in a static culture. Unless otherwise stated, all of reagents used in this study were of reagent grade and were purchased from Kanto Chemical (Tokyo), Wako Pure Chemical Industries (Osaka, Japan), or Sigma-Aldrich (St. Louis, MO).
Assay of co-aggregation between yeasts and LAB. A co-aggregation assay was performed following a previous study.
2) Overnight cultures of L. plantarum ML11-11 and S. cerevisiae BY4741 were used. Coaggregation assays were performed at room temperature in YPD unless otherwise indicated. In the co-aggregation test, 2.5 mL of suspensions of LAB and of yeast were mixed in a plastic test tube (#91015, TPP AG, Zürich, Switzerland). After mixing, the suspensions were kept unagitated, and at 5-min intervals, 0.2 mL of the surface constant liquid layer was collected without disturbing the suspension and the optical density at 600 nm (OD 600 ) was measured in a spectrophotometer U-0080D Photodiode Array Spectrophotometer (Hitachi High-Technologies,Tokyo) to assay for co-aggregation. Co-aggregation was defined as a greater than approximately 10 (þ), 20 Selection of non-co-aggregative LAB and yeast mutants. Selection of non-co-aggregative spontaneous mutants was conducted as shown in Fig. 1 , partly by the cell agglutination method of selection of nonfoaming sake yeasts mutants. 8, 19, 20) In the same manner as the above co-aggregation assay, L. plantarum ML11-11 cultured cells (7.5 mL) were mixed with S. cerevisiae BY4741 cultured cells (7.5 mL) in plastic test tubes, and the tubes were left undisturbed for 3 h at room temperature in order to precipitate co-aggregative cells. After incubation, the surface portion (0.1 mL) containing non-co-aggregative cells, was carefully taken out and suspended in the LAB selective medium, MRS medium with 10 mg/mL cycloheximide, or yeast selective medium, YPD with 10 mg/mL of streptomycin and 100 units/mL of penicillin. The inoculated selective media were cultured at 28
C for 24 h to propagate non-co-aggregative LAB (or non-coaggregative yeasts), and the grown LAB cells (or the yeast cells) were mixed again with parent-type yeast cells (or the wild-type ML11-11 cells) in order to precipitate co-aggregative cells. The above-mentioned non-co-aggregative cell enrichment process, removal of wild-type cells by co-aggregation and culturing of the mutant candidates in selective media, was repeated 20 times.
Observation of co-aggregation by phase contrast microscopy. Co-aggregation was performed on a glass slide at 30 C for 30 min in YPD medium, and that was observed with an Olympus BX60 phase contrast microscope equipped with a UPlanFl oil immersion lens (Olympus, Tokyo) and photographed with a DP90 digital camera (Olympus). The results presented here are representative of three independent experiments. Biofilm formation assay. Biofilm formation and the assay protocol were basically as in our previous study. 21) To assay biofilm formation, LAB and yeast overnight cultures were inoculated into fresh YPD at a dilution rate of 1:100 in the single cultures, while for the mixed cultures, both overnight cultures of LAB and yeast were inoculated into fresh YPD at a dilution rate of 1:200. A 96-well polystyrene micro-titer plate (#92696, TPP AG) was used for biofilm formation. After inoculation, both the single-and the mixed-culture samples were incubated at 30 C for 24 h. Quantification of biofilm formation was done by the crystal violet staining method. [21] [22] [23] Results presented here are representative of three independent experiments.
Cell surface protein extraction. Cell surface proteins extraction from LAB cells was performed using 5 M LiCl, as described in previous reports. 24, 25) The cells removed surface protein were used in co-aggregation assay. The protein profile in the cell surface layer extracts was analyzed by sodium dodecylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE), as described below.
SDS-polyacrylamide gel electrophoresis. SDS-PAGE was performed as described by Sambrook et al. (1989) . 26) L. plantarum ML11-11 and its non-co-aggregative spontaneous mutant no. 20-6 were used. Overnight grown cells of the above strains in YPD medium were used. Each group of cells was suspended in PBS and adjusted to an absorbance of 0.3 at 600 nm as measured by Spectronic 20 spectrophotometer, and pelleted by centrifugation at 8,000 rpm for 10 min. The precipitated cells were suspended in 50 mL of PBS and mixed with an equal volume of SDS-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer (final concentration, 125 mM Tris-HCl, pH 6.8, 2% sodium dodecyl sulfate, 6% 2-mercaptoethanol, 10% glycerol, 0.02% bromo phenol blue). The SDS-PAGE samples were sonicated 3 times each for 30 s and subjected to SDS-PAGE with 12.5% acrylamide gel (Atto, Tokyo).
Results

Selection of non-co-aggregative LAB and yeast mutants
We selected non-co-aggregative LAB mutants spontaneously derived from wild-type strain L. plantarum ML11-11. After a 20-times repeated non-co-aggregative cell enrichment process, 15 colonies among the 40 colonies that appeared on the agar plate of the LAB selection medium were selected as possible non-coaggregative mutants. As shown in Table 1 , all of these mutants clearly lost activity to make co-aggregates with S. cerevisiae BY4741. On the other hand, we did not obtain a yeast mutant by the above-described procedure.
Observation of co-aggregation by phase contrast microscopy
The deficiency in the co-aggregation activity of the above non-co-aggregative LAB mutants was also confirmed by the microscopic observation (Fig. 2) . Wildtype cells co-aggregated within 30 min (Fig. 2d) , but the non-co-aggregative LAB mutant no. 20-6 cells showed no co-aggregation (Fig. 2e) .
Biofilm formation of non-co-aggregative LAB mutants
All the above non-co-aggregative LAB mutants showed remarkable reductions in single-and mixed- 
species biofilm formation with S. cerevisiae BY4741 (Fig. 3) . This indicates that the co-aggregation ability of the LAB wild-type cells contributed significantly to mixed-species biofilm formation with yeasts.
Co-aggregation assay with surface protein removed LAB cells
The effect of removal of the surface protein of L. plantarum ML11-11 on co-aggregation was evaluated (Table 2) . Cells subjected to surface protein extraction with 5 M LiCl were used in the co-aggregation assay. The L. plantarum ML11-11 cells whose surface proteins were removed showed no co-aggregation with yeast cells, and it was evident that surface proteins on LAB cells contributed to their co-aggregation ability.
SDS-polyacrylamide gel electrophoresis of cell surface proteins
The profiles of cell surface proteins extracted with 5 M LiCl from ML11-11 and non-co-aggregative mutant no. 20-6 were compared by SDS-PAGE (Fig. 4) . Some differences in the protein bands between the wild type and the cognate non-co-aggregative mutant were found. Among these, the band at 30 kDa in the cell surface proteins of mutant no. 20-6 decreased significantly as compared with that of the corresponding protein band of ML11-11. This band may correspond to the LAB surface factor that contributes to co-aggregation with yeasts. Black bars show mixed-species biofilm formation with S. cerevisiae BY4741. Gray bars show single-species biofilm formation by ML11-11 and non-co-aggregative mutants of it. BY, S. cerevisiae BY4741; ML, L. plantarum ML11-11 wild type; 20-1 to 20-15, L. plantarum ML11-11 non-co-aggregative mutants. 
Ã Surface proteins of L. plantarum ML11-11 cells were removed by 5 M LiCl extraction.
Discussion
Non-co-aggregative LAB mutants were spontaneously derived from wild-type strain L. plantarum ML11-11 (Table 1) and their non-co-aggregative property was confirmed by microscopic observation (Fig. 2) . On the other hand, no non-co-aggregative mutant was obtained from yeast. Defects in the yeast surface factors that contribute to co-aggregation would significantly affect the viability or growth rate of the yeast cells. From our previous study, it is deduced that mannan on the yeast surface contributes to co-aggregation with LAB.
2) The growth rates of some S. cerevisiae mutants that were deleted of mannan synthesis-related genes were notably lower than the cognate parent strain (data not shown).
All of the non-co-aggregative LAB mutants showed lower biofilm formation in mixed culture with yeast (Fig. 3) . Thus the reduced formation of the mixedspecies biofilm between LAB mutants and yeasts was very possibly induced by a loss of inter-species coaggregation activities in the mutants.
At the same time, these mutants also showed reduced formation of a single biofilm in single LAB cultures (Fig. 3) . Reduction of single biofilm formation would be brought about by the low adhesion activity of the mutants to the polystyrene solid surface. As found previously, LAB cells first adhere to the surface of a solid and form a thin single biofilm that becomes a basal layer for significant complex mixed-species biofilm formation. 1, 2) Therefore, there is a possibility that the reduction of mixed-species biofilm formation is partly dependent on a loss of the single biofilm formation activities of the mutants.
The surface protein removed L. plantarum ML11-11 cells obtained by 5 M LiCl treatment lost co-aggregation ability with yeasts (Table 2 ). This indicates that the surface proteins on the LAB cells contributed significantly to co-aggregation with yeasts. SDS-PAGE analysis of surface protein samples from L. plantarum ML11-11 wild-type cells and cognate non-co-aggregative mutant cells indicates that there was an obvious reduction in the 30 kDa surface protein in the mutant cells (Fig. 4) . It was deduced that this LAB surface protein is intimately involved in co-aggregation with yeast cells.
There have been studies of co-aggregation between LAB and yeasts. 9, 10, 12) Pretzer et al. found that L. plantarum WCFS1 has a surface mannose-specific adhesin protein that relates to co-aggregation with yeast S. cerevisiae.
10) Golowczyc et al. found that co-aggregation between LAB L. kefir and yeast S. lipolytica is mediated by lectin-like LAB surface proteins.
12) Katakura et al. found that co-aggregation between LAB Lactococcus lactis and yeast S. cerevisiae is mediated by DnaK on the LAB surface and mannan on the S. cerevisiae surface. 9) Our previous study indicated that the LAB surface factor contributing to the co-aggregation is a protein.
1,2) The non-co-aggregative mutants obtained in this study, then, must have lost the essential surface protein for co-aggregation with yeast.
Momose et al. have reported that S. cerevisiae, including sake yeast, formed co-aggregates with L. plantarum isolated from putrefied sake mash.
6) The co-aggregation ability of LAB with yeasts was applied to the selection process of non-foaming sake yeasts. 8, 19, 20) Some non-foaming sake yeasts were isolated as spontaneous mutants that did not coaggregate with L. plantarum. This isolation method is called as ''Cell Agglutination Method.'' Some other nonfoaming sake yeasts were also isolated by the ''Froth Flotation Method,'' as spontaneous mutants lost their affinity to gas bubbles. 19) Screening of non-aggregative mutants in the presence of sugar fatty acid esters or celite has also been used as a selection method for nonfoaming sake yeasts. 20) These screening methods for cell surface factor mutants have been successfully applied in the derivation of mutants useful in sake brewing. The isolation of the non-co-aggregative LAB mutants achieved in this study might be another example of a screening method for the isolation of surface-factor mutants.
The results of this study indicate that co-aggregation between LAB and yeast contributes significantly to mixed-species biofilm formation. The identification of cell surface factors on LAB cells that contribute to mixed-species biofilm formation is an objective for future studies. The LAB mutants obtained in this study should be good tools for this challenge.
From a different point of view, yeast and LAB mixedspecies biofilm can be applied as immobilized cells. In our preliminary experiment, we confirmed considerable ethanol production by this biofilm. The immobilization of yeast cells in mixed culture with LAB cells does not require any artificial immobilizing agent and hence is promising for a low-cost process of continuous fermentation with yeast cells. The identification of cell surface factors on LAB cells that contribute to mixed-species biofilm formation should contribute to this fermentation process. We hope that this cell immobilization technology, which is born out of one of the most primitive types of fermentation, can contribute to the yeast industry, including bio-fuel production, in the future.
